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Objective: Phosphodiesterase 4 (PDE4) catabolizes the second mes-

senger 3V, 5V-cyclic adenosine monophosphate and may play a critical

role in brain diseases. Our aim was to quantify PDE4 in rats with

positron emission tomography (PET). Methods: High (n = 6) and low

specific activity (SA) (n = 2) higher affinity ((R)-[11C]rolipram) and

high SA lower affinity ((S)-[11C]rolipram) (n = 2) enantiomers were

intravenously administered to Sprague–Dawley rats. Brain data were

acquired using the ATLAS PET scanner and reconstructed using the

3D-ordered subset expectation maximization algorithm. Arterial

samples were taken to measure unmetabolized [11C]rolipram. Total

distribution volumes (VTV) were calculated using a 1-tissue compart-

ment (1C) and an unconstrained 2-tissue compartment (2C) model.

Results: High SA R experiments showed later and greater brain

uptake, and slower washout than low SA R and S experiments. In all

regions and in all experiments, the 2C model gave significantly better

fitting than the 1C model. The poor fitting by the latter caused

underestimation of VTV by 19–31%. The 2C model identified VTV
reasonably well with coefficients of variation less than 10%. VTVvalues
by this model were 16.4–29.2 mL/cm3 in high SA R, 2.9–3.5 in low

SA R, and 3.1–3.7 in S experiments. Conclusions: Specific binding of

(R)-[11C]rolipram was accurately measured in living rats. In high SA

R experiments, ¨86% of VTVwas specific binding. Distribution and

changes of PDE4 in animal models can now be studied by measuring

VTVof high SA (R)-[11C]rolipram.
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Introduction

3V, 5V-cyclic adenosine monophosphate (cAMP) is a prevalent

second messenger that mediates signal transduction of several

neurotransmitters including dopamine, epinephrine, histamine, and

adenosine. cAMP is synthesized from adenosine 5V-triphosphate
(ATP) by adenylyl cyclase and metabolized by cyclic nucleotide

phosphodiesterases (PDEs). Thus, PDEs terminate the actions of

the second messenger cAMP. At least 11 types of PDE exist in

mammals, and PDE4 is selective to cAMP in the brain. PDE4

consists of four independently coded subtypes, PDE4A, B, C, and

D (Houslay, 2001).

There is a large body of literature indicating that the cAMP

pathway plays important roles in psychiatric illnesses, including

mood disorders (Duman et al., 1997) and drug addiction (Nestler

and Aghajanian, 1997). Among components of the cAMP pathway,

PDE4 appears to be critical for antidepressant effects. Repeated

antidepressant treatment increased PDE4 (Takahashi et al., 1999;

Ye et al., 1997; Zhao et al., 2003), and an inhibitor of PDE4, 4-[3-

(cyclopentoxyl)-4-methoxyphenyl]-2-pyrrolidone (rolipram),

showed antidepressant effects both in animals (Mizokawa et al.,

1988; Wachtel, 1983) and humans (Fleischhacker et al., 1992).

However, adverse reactions such as emesis and sedation precluded

rolipram from clinical applications. Rolipram is almost equipotent

at all four PDE4 subtypes. Inhibitors selective to PDE subtypes

may have therapeutic effects with minimal adverse reactions

(O’Donnell and Zhang, 2004).

Rolipram has two enantiomers. The R enantiomer has 20 times

greater affinity for PDE4 subtypes than the S enantiomer and

racemic rolipram has a Kd of 1–2 nM (Schneider et al., 1986). In

the brain, the density of the racemic rolipram binding sites is high

(20 nM) (Schneider et al., 1986) compared to other proteins that

have been successfully imaged in vivo, and the lipophilicity of

rolipram (Log P = 2.9) appears to be appropriate for brain
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imaging (Waterhouse, 2003). Considering the importance of PDE4

in diseases, high density of PDE4, and chemical characteristics of

(R)-rolipram, this compound may be quite promising as a brain

imaging agent. In fact, following initial rodent studies (Lourenco

et al., 1999, 2001), (R)-[11C]rolipram has been successfully

applied in non-human primates (Tsukada et al., 2001) and humans

(DaSilva et al., 2002; Matthews et al., 2003). PDE4 is activated by

phosphorylation with protein kinase A (Conti et al., 1995), and a

study using recombinant DNAs has indicated that phosphorylation

of PDE4 affects the binding affinity of rolipram (Hoffmann et al.,

1998). Therefore, in addition to measuring binding density and

affinity, (R)-[11C]rolipram-positron emission tomography (PET)

imaging may provide information on the phosphorylation state of

PDE4.

Many studies have been performed on rodents to assess

pathologic changes of the cAMP pathway. Recent development

of small animal PET scanners has opened possibilities of exploring

such changes in living animals. Compared to larger animals, it is

easier to prepare disease models and administer drugs to rodents.

However, it may be difficult to perform accurate PET quantifica-

tion using small animals because of the small body size.

Physiological conditions can change easily and it is difficult to

obtain large volumes of blood samples for input function

measurement. Prior studies of [11C]rolipram in humans and non-

human primates were not quantitative and did not distinguish

changes in delivery of radioligand from changes in density of

PDE4. In this study, we measured distribution volume of high

specific activity (SA) (R), low SA (R), and high SA (S)-

[11C]rolipram in rat brain by applying compartmental nonlinear

least squares analysis. Because rolipram binding sites are widely

distributed in the rat brain (Kaulen et al., 1989; Perez-Torres et al.,

2000), no reference tissue was available and an arterial input

function was required for the quantification.
Materials and methods

Radioligand preparation

(R) and (S)-[11C]rolipram were synthesized by 11C-methylation

of (R) and (S)-desmethyl-rolipram, respectively. Specifically,

[11C]iodomethane was prepared via a GE Microlab (Milwaukee,

WI, USA) and swept with helium carrier gas (ca. 12 mL/min) into a

commercial radiomethylation loop apparatus (AutoLoopTM, Bio-

scan, Washington DC, USA). [11C]Iodomethane was reacted at

room temperature for 3 min with phenolic precursor (0.3 mg)

dissolved in N,N-dimethylformamide (0.08 mL) and a solution of

tetrabutylammonium hydroxide (0.17M) in methanol (3 AL). HPLC
on an Ultrasphere C-18 column (10 � 250 mm; Beckman C-18)

eluted with acetonitrile-0.1 M ammonium formate (40: 60 v/v) at 6

mL/min was used to purify the radioligand (Rt = 6.5 min). Rotary

evaporation of the collected fraction to dryness at 80-C under

vacuum followed by formulation of the residue in 10% (v/v) ethanol

in normal saline afforded either the R or S radioligand in high

radiochemical purity (>95%). (R) and (S)-[11C]rolipramwere finally

dissolved in normal saline for intravenous injection.

Animals

All animal experiments were performed in accordance with the

National Institutes of Health Guide for Care and Use of Laboratory
Animals and were approved by the National Institute of Mental

Health Animal Care and Use Committee. Male Sprague–Dawley

rats were obtained from Taconic Farms (Germantown, NY, USA).

Before use for experiments, animals were housed in a temperature-

(22–24-C) and light- (on 6:00 AM–6:00 PM) controlled room and

were allowed free access to food pellets and water.

PET

Ten male Sprague–Dawley rats (314 T 35 g, with these and

subsequent data expressed as mean T SD) were used in PET studies

with arterial blood sampling and kinetic modeling. Under 1–1.5%

isoflurane anesthesia, an Intramedic PE-10 polyethylene catheter

(Aster Industries, Harmony, PA, USA) was inserted into a femoral

artery for arterial blood sampling, and another catheter of the same

type was inserted into a penile vein for injection of [11C]rolipram.

For three of the 10 animals, anesthesia was induced by co-

injections of ketamine and xylazine (50–100 and 5–10 mg/kg i.p.

per dose, respectively) and then switched to isoflurane anesthesia.

The minimal interval between the last ketamine and xylazine

administration and the injection of [11C]rolipram was 129 min. To

prevent movement, the head and the body were restrained with

tapes to the camera bed.

High SA (R), low SA (R), and high SA (S)-[11C]Rolipram were

injected into six, two and two rats, respectively. SA was 71 T 10,

0.19 or 0.38, and 55 or 71 GBq/Amol in high SA R, low SA R, and

high SA S experiments, respectively. In the low SA experiments,

racemic rolipram was mixed with (R)-[11C]rolipram; the SA

shown above is based on molar amount of (R)-rolipram and the

mass dose was 0.28 and 0.63 mg/kg. The radioligands were

dissolved in saline (1.3 T 0.5 mL) and infused into a penile vein

using a syringe pump (Harvard PhD 2000, Harvard Apparatus,

Holliston, MA, USA). The radioligands were infused over 6 min

because nearly 1 min was necessary to obtain each arterial blood

sample (150 AL) for radioactive metabolite analysis at initial time

points; rodents generally metabolize xenobiotics quickly and

several samples at different times were required. If radioligand

had been injected over 30 to 60 s, changes of the input function

would have not been caught by the slow blood sampling. After

finishing the 6-min infusion of the radioligand, plasma levels of

rolipram may decrease quickly and such changes may not be

detected by blood sampling every 1 min. Therefore, a higher

infusion rate was applied from 0 to 3 min and then a lower rate

was applied from 3 to 6 min. The ratio of these two infusion rates

was 3 to 1. PET data were acquired by the Advanced Technology

Laboratory Animal Scanner (ATLAS) equipped with lutetium

gadolinium oxyorthosilicate doped with cerium (LGSO)/gadoli-

nium oxyorthosilicate doped with cerium (GSO) phoswich

detector modules providing 6.0 cm transverse filed-of-view

(FOV) and 2.0 cm axial FOV (Seidel et al., 2003). PET data

were acquired for 80 min in frames of 6 � 20 s, 5 � 1 min, 4 � 2

min, 3 � 5 min, 3 � 10 min and 1 � 20 min. Arterial blood

samples were taken into heparin-coated tubes (Anticoagulant-

coated microcentrifuge tube, Thomas Scientific, Swedesboro, NJ,

USA) eight times between 0 and 10 min and at 20, 40, and 60 min

(i.e., a total 11 time points). The sampling volume was 150 AL for

the initial eight samples and 500 AL for the last three samples.

Throughout PET scanning, body temperature was maintained

by a heating pad and monitored by a rectal temperature probe.

Average deviation of body temperature from 37.0-C during the ten

scans was 0.3 T 0.2-C. Heart rate was also monitored with an ECG
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(Biopac Systems, Inc., Goleta, CA, USA); and the maximum

change of heart rate within each scan was 15 T 8%.

Measurement of plasma [11C]rolipram levels

Plasma samples (50–80 AL) were mixed with acetonitrile

(300 AL) containing reference rolipram. Distilled water (100 AL)
was then added and mixed well. This mixture was counted in a

calibrated gamma counter for measurement of total concentration

of radioactivity. The deproteinized plasma samples were then

centrifuged at 9400 � g for 4 min to remove the denatured

proteins. The supernatant was then analyzed directly by reversed

phase high-performance liquid chromatography (HPLC) on

Novapak C18 (Waters Corp., Milford, MA, USA) within a

radial compression module RCM-100, eluted with MeOH: H2O:

Et3N (80: 20: 0.1 by vol.) at 1.5 mL/min. The precipitate was

counted in the gamma counter and the percent recovery of

radioactivity in the supernatant was calculated. All radioactivity

measurements were decay-corrected to the time of dose

administration.

Image analysis

PET data were reconstructed with 3D exact positioning ordered

subset expectation maximization algorithm with sixteen subsets

and three iterations, achieving a 1.7-mm full width half maximum

at the center (Johnson et al., 2002; Liow et al., 2003). Movement of

head during scanning sessions was visually inspected. In two

experiments in which movement was detected, images were

coregistered using the rigid body model of Oxford Centre for

Functional Magnetic Resonance Imaging of the Brain (FMRIB)’s

Linear Image Registration Tool (FLIRT). FLIRT was implemented

in MEDx 3.42 (Medical Numerics, Inc., Sterling, VA, USA).

To minimize inconsistencies in volume of interest (VOI) place-

ment among animals, all frames of PET images were transformed

into a standard space (Schweinhardt et al., 2003). First, a common

template image of the three experimental paradigms, that is, high SA

R, low SA R, and high SA S experiments, was created by the

following procedures. Images of 0–7 min in each experiment of the

three paradigms were integrated. The period of the first 7 min was

used because regional differences in activities among the three

paradigms were minimal (see below). Then, the integrated images of

all experiments were manually realigned to the same orientation and

an average image was created from all realigned images. With

Statistical Parametric Mapping (SPM) 2 (Wellcome Department of

Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/

spm), this average image was spatially normalized to the standard

space defined by the smoothed T2 weighted MRI template

(Schweinhardt et al., 2003). Then, this spatially normalized PET

image was used as a common template for all three paradigms to

which images of each experiment were normalized using SPM2. For

each experiment, an integrated image from the first 7 min was

spatially normalized to the rolipram template. Using transformation

parameters obtained in this spatial normalization, images of all

frames were spatially normalized to the standard space.

On a non-smoothed T2-weighted template in the standard space,

VOIs were drawn on caudate putamen (volume: 29 mm3), thalamus

(31 mm3), hypothalamus (19 mm3), hippocampus (33 mm3), frontal

(14 mm3), parietal (80 mm3), and temporal (35 mm3) cortices and

midbrain (29 mm3). VOIs were not placed on occipital cortex and

cerebellum because part of these regions was close to the border or
out of the field of view (FOV). AVOI was also drawn on the entire

brain within the FOV.

Binding of radioligands to plasma proteins

Because of the short half life of carbon-11 (t1/2 = 20.4min), it was

impossible to measure radioactive metabolites in plasma and the

binding of radioligand to plasma proteins in the same experiment.

Therefore, binding to plasma proteins was measured in separate

experiments without PET imaging. After ketamine and xylazine

administration (100 and 10 mg/kg i.p., respectively), blood (3 mL)

was drawn from the heart of three male Sprague–Dawley rats.

Blood samples from one and two rats were used to measure protein

binding of R and S enantiomers, respectively. Plasma protein

binding was measured by ultrafiltration through Centrifree mem-

brane filters (Amicon Division, W.R. Grace and Co., Danvers, MA,

USA) (Gandelman et al., 1994).

Derivation of rate constants and distribution volumes

Plasma (R) or (S)-[11C]rolipram were used as the input function

for compartmental nonlinear least squares analyses. For the time

points before the peak of plasma [11C]rolipram activity, measured

values were used; after the peak, values were estimated with bi-

exponential fitting. Each model configuration was implemented to

account for the time shift between the plasma input function

measured from the femoral artery and the actual arterial input to the

brain. In each model and in each study, the time shift was estimated

first by fitting the entire brain data. Then, this estimated shift was

used to fit all brain data from the same study using the same model.

Brain data were weighted based on noise equivalent count.

One-tissue and unconstrained two-tissue compartment models

were applied. Rate constants (K1, k2, k2V, k3, and k4) were defined as
described previously (Laruelle et al., 1994). In the one-compart-

ment model,

VT ¼ K1

k2Vf 1
ð1Þ

where VT is the distribution volume for the single tissue compart-

ment. In the two-compartment model, VT is described separately by

the distribution volumes in nondisplaceable (VN) and specific

binding compartments (VS).

VN ¼ K1

k2 f 1
ð2Þ

VS ¼ K1k3

k2k4 f 1
¼ BVmax

Kd

ð3Þ

VT ¼ K1 1þ k3=k4ð Þ
k2 f 1

ð4Þ

where BVmax is unoccupied binding site density. Under tracer con-

ditions, BVmax = Bmax. In these two models, although the definition of

K1 is the same, that of k2 and k2Vis different. That is, k2 is transfer rate
to the vascular compartment from the nondisplaceable compartment

in the two-compartment model, and k2Vrefers to the transfer from the

total tissue compartment (Laruelle et al., 1994).

ViVis defined as

ViV ¼ f1Vi ð5Þ
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These definitions indicate that Vi values are expressed relative to

the free fraction of radioligand in plasma and that VTV values are

expressed relative to the total (free plus protein-bound) concen-

tration of radioligand in plasma. Throughout the text, brain and

blood volumes are shown as cm3 and mL, respectively, to indicate

the source of the data.

Non-linear least-squares analysis was performed on the VOI-

generated time-activity data using PMOD 2.55 (Burger et al.,

1998). Parameters were estimated using the Marquardt algorithm

(Bevington and Robinson, 2003) with constraints restricting

parameters to positive values.

Ex vivo experiments

To further define the distribution of in vivo rolipram binding,

an ex vivo autoradiography experiment was performed using a

165-g male Sprague–Dawley rat. Under isoflurane anesthesia,

racemic [3H]rolipram (3.1 MBq, SA = 3.0 GBq/Amol) in ethanol

(Amersham Biosciences Inc, Piscataway, NJ, USA) was injected at

a constant rate (35 AL/min) over 12 min into a femoral artery. The

rat was decapitated at 40 min after starting rolipram injection. The

brain was immediately frozen in dry ice and stored at �70-C until

sectioning. Using a cryostat, the brain was cut to 20 Am coronal

sections and thaw-mounted onto poly-l-lysine coated glass slides

(Sigma-Aldrich, Natick, MA, USA). The slides were exposed to a
3H imaging plate (TR2025, Fujifilm, Stamford, CT, USA) for 26

days. A set of 3H standards (Amersham Biosciences Inc, Piscat-

away, NJ, USA) was exposed with the slides to calibrate

radioactivity to Bq/mg tissue equivalent. The density of 3H

binding sites in brain regions was analyzed using an image

analysis program (Image Gauge, ver. 2.3, Fujifilm, Stamford, CT,

USA).

To study if radioactive metabolites enter the brain, (R)-

[11C]rolipram (61 MBq; SA = 142 GBq/Amol) was intravenously

injected over 1 min to a male Sprague–Dawley rat (300 g) under

ketamine and xylazine anesthesia (50 and 5 mg/kg i.p., respec-

tively). At 30 min after the injection, the rat was decapitated, the

whole brain was sampled, and radioactive compounds were

analyzed with HPLC.

Statistical analysis

The standard errors of nonlinear least-squares estimation for

rate constants were given by the diagonal of the covariance matrix

(Carson, 1986) and expressed as a percentage of the rate constants

(coefficient of variation, %COV). In addition, %COV of VTVwas
calculated from the covariance matrix using the generalized form

of error propagation equation (Bevington and Robinson, 2003)

where correlations among parameters (K1, k2 (k2V), k3, and k4) were

taken into account. The accuracy of distribution volume estimation

was evaluated by %COV, bias of results, and variability among

experiments.

Goodness-of-fit by nonlinear least-squares analysis was eval-

uated using the model selection criterion (MSC), which is a

modification of the Akaike information criterion (AIC) (Akaike,

1974). MSC was proposed by Micromath Scientific Software (Salt

Lake City, Utah, USA) and implemented in their program,

FScientist_. MSC is adjusted by the number and the levels of data

points so that comparisons can be made among fittings for different

studies and regions. Among fittings for the same data set, MSC and

AIC give the same rank order although the former gives greater
values for better fitting. We used MSC to evaluate goodness-of-fit

in our previous study (Fujita et al., 1999). Goodness-of-fit by one-

and two-compartment models was compared with F statistics

(Hawkins et al., 1986).

Correlations were tested by simple correlation analysis and the

determination of Pearson’s product-moment correlation coefficient

(r). Comparison between the two compartmental models was

performed by paired t test. Comparisons among high SA R, low

SA R, and high SA S experiments were performed with repeated

measures multivariate analysis of variance (MANOVA) with

Tukey’s honestly significant difference test. A value of P < 0.05

was considered as significant. SPSS 12.0 (SPSS Inc. Chicago, IL,

USA) was used for statistical analyses.
Results

Kinetics of PET brain data

Compared to low SA R and high SA S experiments, high SA

R experiments showed typical characteristics of specific binding,

with greater peak activity, slower washout from the brain, and

heterogeneous distribution. Fig. 1 shows dynamic changes in

brain activities during PET studies with high SA (72 GBq/Amol)

(R), low SA (0.38) (R), and high SA (55) (S)-[11C]rolipram

experiments. To compare results among different experiments,

activity is normalized to injection dose and body weight by use

of the standard uptake value, SUV% [SUV% = (% injection dose/

cm3 brain) � body weight (g)]. A SUV of 100 % is equivalent to

a uniform distribution of injected activity in the whole body.

Compared to low SA R and high SA S experiments, high SA R

experiments showed greater activity at all time points. Although

activities in the brain were apparently greater than those in extra-

brain tissues at all three time points in the high SA R study,

activities in the brain were greater than those in extra-brain

tissues only at 0–11 min in low SA R and high SA S

experiments. Among the three types of experiments, only the

high SA R experiments showed regional differences in activities

and kinetics. In those experiments, compared to cerebral cortices,

the thalamus initially showed greater and then showed similar

activity. Because data in cerebral cortices were similar, those in

parietal cortex are described below as a representative of cerebral

cortices.

High SA R experiments showed average peak uptake at 9.6,

6.8, 5.8, 7.8, 9.3, and 5.7 min in caudate putamen, thalamus,

hypothalamus, hippocampus, parietal cortex, and midbrain,

respectively. At the end of the experiments, activities in these

regions were 51, 44, 40, 52, 59, and 38% of the peak, respectively.

In the same regions, low SA R-experiments showed peaks at 4.0–

5.0 min, and at the end of the experiments, activities were 18–35%

of the peaks. High SA S experiments showed peaks at 3.5–4.0

min, and at the end of the experiments, activities were 14–21% of

the peaks.

Distribution of rolipram binding in vivo

As described above, only high SA R experiments showed

regional differences in activity. Regional distribution was studied

in two ways, firstly, brain regions were identified by performing

spatial normalization to published standard space. Secondly, to

confirm distribution with greater spatial resolution, an ex vivo



Fig. 1. Coronal slices in the same location of high SA (R), low SA (R), and high SA (S)-[11C]rolipram PET experiments at 0–11, 20–40, and 50–80 min. All

images are spatially normalized to the standard space (Schweinhardt et al., 2003). Integrated images during the three time periods are shown. Compared to low

SA R and high SA S experiments, the high SA R experiments showed greater activity, slower washout, and more heterogeneous distribution of activity.
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autoradiography experiment was performed (Fig. 2). PET images

of high SA R experiments showed fairly uniform distribution with

greater activity in the thalamus and smaller activity in hypothal-

amus and midbrain. On PET images, the distribution of activity

appeared uniform in thalamus and hypothalamus, and differential

distribution among nuclei was not clear. Ex vivo autoradiography

showed distribution similar to that of PET. However, auto-

radiography showed more heterogeneous distribution within

thalamus than did PET (Table 1). Rostral thalamic nuclei showed

uniform and high binding with 38 Bq/mg tissue. On caudal side,

posterior and parafascicular nuclei showed a low level binding of
Fig. 2. Distribution of rolipram binding in vivo. Top, middle, and bottom rows sho

SA (R)-[11C]rolipram PET experiment, and ex vivo autoradiograms using racemic

(Schweinhardt et al., 2003). In the PET images, thalamus showed greatest activi

midbrain showed low activity. The distribution of rolipram binding in the ex vivo

cerebral cortices (31 Bq/mg tissue), thalamus showed greater (38), hypothalamus
21 while the binding in lateral and medial geniculate and

ventroposterior nuclei was apparently greater with 35, 33, and

36 Bq/mg tissue, respectively. Cerebral cortices showed uniform

distribution, and the activity was low in hypothalamus and

midbrain. Because a significant portion of the cerebellum was

out of FOV, there were errors in the spatial normalization in areas

close to the caudal border of FOV as seen on the right PET image

in Fig. 2.

The HPLC analysis on the whole brain obtained at 30 min after

a bolus injection of (R)-[11C]rolipram showed that 97.3% of the

radioactive compounds in the brain was (R)-[11C]rolipram.
w T2-weighted MR images, integrated images from all time points of a high

[3H]rolipram, respectively. MR and PET images are in the standard space

ty followed by caudate putamen and cerebral cortices. Hypothalamus and

autoradiography was similar to that of the PET experiments. Compared to

(22) and midbrain (19) showed lower activities.



Table 1

Distribution of activity in ex vivo autoradiography

Activity

(Bq/mg tissue)

Cerebral cortices Frontal 33.0

Parietal 29.6

Temporal 31.3

Occipital 33.5

Thalamus Nuclei not specified below 37.7

Lateral geniculate 35.0

Medial geniculate 33.3

Ventroposterior 35.8

Posterior and parafascicular 20.6

Hypothalamus 22.3

Caudate putamen 31.2

Hippocampus 27.0

Midbrain 19.0
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Plasma data

In all experiments, [11C]rolipram was metabolized and quickly

cleared from plasma (Fig. 3). Bi-exponential fitting for [11C]roli-

pram levels showed half-lives of 2.1 and 24 min with a 5:1 ratio of

the height of the peaks for high SA R. Low SA R decreased with

half lives of 2.2 and 22 min with a ratio of 2.4:1, and high SA S

decreased with half-lives of 1.9 and 21 min with a ratio of 1.9:1.

On average, the fraction of total plasma activity represented by

[11C]rolipram in high SA R experiments decreased to 51% at 6.5

min and to 21% at 12 min. Fraction of [11C]rolipram in low SA R

experiments decreased to 51% at 11 min and to 22% at 41 min.

Fraction of [11C]rolipram in high SA S experiments decreased to

51% at 11 min and 22% at 45 min. R and S enantiomers showed

similar levels of protein binding, with f1 values of 25% and 28%,

respectively. Because of the similar plasma protein binding, it was

appropriate to use VTV instead of VT to compare measurements

among the three paradigms.

Nonlinear least squares analysis

Fig. 4 shows representative fitting by one- and unconstrained

two-compartment models in high SA R, low SA R, and high SA S

experiments. In other regions, differences of the fitting by these
Fig. 3. [11C]Rolipram and total plasma activities in the three PET experiments sh

plasma decreasing to less than half of the peak within 10 min.
two models and goodness-of-fit were similar. In all regions of all

experiments in the three paradigms, F tests indicated that the two-

compartment model gave significantly better fitting (P < 0.025 in

all regions, P < 0.0005 in 70 of 80 comparisons).

Table 2 shows rate constants in high SA R experiments

obtained by the one-compartment model. Results in parietal cortex

are shown as representative of cerebral cortices. Each rate constant

(K1 and k2V) and the distribution volume, VTV, were well identified.

K1 and VTVwere particularly well identified with COV below 5%.

Mean intersubject variability of VTVin eight regions expressed by

SD/mean was 25%. Consistent with the in vivo distribution of

rolipram binding shown in Fig. 2, VTV in hypothalamus and

midbrain were smaller than that in other regions. Although

thalamus showed rapid uptake (i.e., high K1 values), washout

(i.e., k2V) was also high, and hence the distribution volume, VTV(=K1/

k2V), was not particularly high. Low SA R experiments showed

average K1, k2V, and VTVvalues of 0.43 mL cm�3 min�1, 0.26 min�1,

and 1.75 mL cm�3, respectively, in the studied regions. COV

values of these experiments were greater than those of high SA S

experiments with average values of 9.0, 12, and 5.8% for K1, k2V,
and VTV, respectively. MANOVA indicated that low SA R experi-

ments gave greater COV of VTV than high SA R (P = 0.038) and

high SA S experiments (P = 0.005). Goodness-of-fit of low SA R

experiments (MSC = 1.4) was worse than that of high SA R (P =

0.022) but not that of high SA S experiments. High SA S

experiments showed average K1, k2V, and VTVvalues of 0.73, 0.25,
and 2.96, respectively, in the studied regions. COV of these

experiments was similar to those of high SA R experiments with

average values of 4.6, 6.6 and 3.1 for K1, k2V, and VTV, respectively.
Goodness-of-fit of high SA S experiments was also similar to that

of high SA R experiments showing a mean MSC value of 2.8.

Table 3 shows results of the two-compartment model in high

SA R experiments. Although F tests indicated that the two-

compartment model gave significantly better fitting in all regions

of all experiments in the three paradigms than the one-compart-

ment model, the former did not identify rate constants as well as

the latter as indicated by greater COVs (P < 0.0005 for VTV).
Although COVs of K1 were low and similar to those by the one-

compartment model, other rate constants, particularly k3 and k4
showed large COV values ranging from 18 to 37%. Despite poor

identifiability of each rate constant by the two-compartment model,

COVs of VTVstayed at reasonably low levels below 10% and were
own in Fig. 1. In all experiments, [11C]rolipram was cleared quickly from



Fig. 4. Nonlinear least squares fitting by one- and two-compartment models for parietal cortex data in the three experiments shown in Figs. 1 and 3. In all

experiments, F tests indicated significantly better fitting by the two-compartment model.
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approximately twice of those by the one-compartment model. The

two-compartment model achieved reasonably good identifiability

of VTV(=K1k3/k2k4) despite poor identifiability of some individual

parameters because of correlation among parameters. For example,

k3 and k4 correlated well with r = 0.72 (P < 0.0005). As indicated

by the poor fitting in Fig. 4, the one-compartment model showed

smaller VTVvalues than the two-compartment model in all regions in

all high SA R experiments (P < 0.0005). The average differences

in eight regions in six high SA R experiments were 19–31%.

Average intersubject variability of VTV in the studied regions,

expressed by SD/mean, was 23%, which was similar to that of the

one-compartment model. Therefore, although the one-compart-

ment model showed excellent identifiability of parameters, it

underestimated VTV because of the poor fitting, and the two-

compartment model gave more accurate VTV.
Low SA R experiments showed average K1, k2, k3, k4, and VTV

values of 2.0 mL cm�3 min�1, 1.8 min�1, 0.050 min�1, 0.022

min�1, and 3.2 mL cm�3, respectively, in the studied regions.

Similar to the results by the one-compartment model, COV values

of these experiments were greater than those of high SA R

experiments with average values of 13, 16, 21, 51, and 24% for K1,

k2, k3, k4, and VTV, respectively (for VTV, p = 0.027 compared to high

SA R and P = 0.022 compared to high SA S experiments).

Goodness-of-fit of low SA R experiments was worse than that of

high SA R experiments showing a mean MSC value of 3.3 (P =

0.001). High SA S experiments showed average K1, k2, k3, k4, and

VTVvalues of 1.8, 1.1, 0.092, 0.090, and 3.4, respectively, in the

studied regions. COV of these studies was similar to those of high

SA R experiments with average values of 9.2, 14, 23, 21, and 4.5
Table 2

Results of high SA R experiments by one-compartment model

Region K1 (mL cm�3 min�1) k2V(min�1)

Caudate putamen 1.15 T 0.28 (2.5 T 0.7) 0.051 T 0.0

Thalamus 1.14 T 0.25 (2.8 T 1.0) 0.065 T 0.0

Hypothalamus 0.95 T 0.22 (3.4 T 1.3) 0.076 T 0.0

Parietal cortex 0.82 T 0.18 (2.4 T 0.8) 0.045 T 0.0

Midbrain 1.21 T 0.30 (4.0 T 1.1) 0.094 T 0.0

Numbers in parentheses indicate identifiably of rate constants expressed as %CO

MSC: Model Selection Criterion.
for K1, k2, k3, k4, and VTV, respectively. Goodness-of-fit of high SA

S experiments was also similar to that of high SA R experiments

showing a mean MSC value of 4.1.

High SA R experiments showed much greater VTVvalues (16.4–
29.2 mL cm�3) than low SA R (2.9–3.5) and high SA S (3.1–3.7)

experiments (Fig. 5). Although low SA R and high SA S

experiments showed fairly uniform distribution of VTVamong brain

regions, high SA R experiments showed substantial differences

among brain regions. Average VTVof all regions in low SA R and

high SA S experiments was 14% of that of high SA R experiments.
Discussion

The present study using rats and a small animal PET scanner

has confirmed findings in previous non-human primate and human

studies that (R)-[11C]rolipram has favorable characteristics as a

brain imaging agent. In the present study, (R)-[11C]rolipram

showed good initial brain uptake of approximately 300 SUV%

and the washout was measurable within 2–3 half-lives of carbon-

11 (Figs. 1 and 4). Quantification in the present study also showed

high levels of specific binding in high SA R experiments. As

described below, because there is no measurable binding site free

region, and input function may be different in each experiment,

calculation of distribution volume with arterial input function is

required for accurate measurement. Because of the small body size

of rats, it was challenging to perform quantification with a

metabolite-corrected arterial input function. Nevertheless, in the

present study, an unconstrained two-compartment model showed
VTV(mL cm�3) MSC

14 (5.7 T 0.9) 23.3 T 5.7 (3.9 T 0.6) 3.3 T 0.6

16 (5.9 T 1.3) 18.2 T 4.5 (3.8 T 0.6) 3.1 T 0.7

21 (6.7 T 1.7) 13.1 T 3.4 (4.2 T 0.8) 2.7 T 0.7

10 (5.8 T 1.1) 18.8 T 4.6 (4.1 T 0.7) 3.3 T 0.6

25 (7.3 T 1.3) 13.3 T 3.2 (4.4 T 0.6) 2.4 T 0.5

V.



Table 3

Results of high SA R experiments by two-compartment model

Regions K1 (mL cm�3 min�1) k2 (min�1) k3 (min�1) k4 (min�1) VTV(mL cm�3) MSC

Caudate putamen 1.31 T 0.30 (2.8 T 1.4) 0.13 T 0.08 (14 T 11) 0.069 T 0.059 (37 T 22) 0.039 T 0.015 (35 T 22) 29.2 T 6.8 (9.3 T 4.3) 4.9 T 0.4

Thalamus 1.39 T 0.33 (2.4 T 0.3) 0.17 T 0.10 (10 T 4) 0.072 T 0.032 (23 T 10) 0.045 T 0.017 (24 T 19) 23.1 T 5.1 (7.9 T 9.1) 5.1 T 0.5

Hypothalamus 1.25 T 0.28 (4.5 T 1.5) 0.25 T 0.11 (15 T 7) 0.116 T 0.058 (25 T 8) 0.055 T 0.025 (23 T 20) 16.4 T 3.3 (8.8 T 10.1) 4.2 T 0.4

Parietal cortex 0.96 T 0.24 (2.2 T 0.9) 0.12 T 0.05 (10 T 4) 0.065 T 0.039 (25 T 14) 0.033 T 0.012 (29 T 20) 25.2 T 5.4 (9.8 T 6.6) 5.3 T 0.5

Midbrain 1.62 T 0.43 (3.3 T 0.7) 0.27 T 0.09 (9 T 3) 0.086 T 0.039 (18 T 7) 0.045 T 0.018 (20 T 15) 17.8 T 3.6 (7.6 T 7.1) 4.5 T 0.5

Numbers in parentheses indicate identifiably of constants expressed as %COV.

MSC: Model Selection Criterion.
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reasonably good identifiability of VTV with an average %COV

smaller than 10% and small intersubject variability (SD/mean) of

23% (Table 3 and Fig. 5). Low SA R (average VTV= 3.2 mL cm�3)

and high SA S (average VTV= 3.4) experiments showed similar and

fairly uniform distribution of VTV indicating that VTVby these two

paradigms represented nondisplaceable (free + non-specific bind-

ing) distribution volumes. By comparing VTVobtained in high SA R

and average VTVin low SA R and high SA S experiments, majority

(82–88%, average = 86%) of VTV in high SA R studies reflected

specific binding (Fig. 5).

Higher injected activities are required to obtain image data with

better statistics, especially in small volumes of interest. However,

greater injection activities increase the mass dose and the receptor

occupancy by the radioligand. Please note that we have used

classical receptor binding theory to analyze the reversible binding

of rolipram to the enzyme PDE4. Therefore, binding site

occupancy is often a problem in small animal PET studies, and a

simple method was proposed to estimate in vivo binding site

occupancy using the dose required to reduce the maximal effects or

binding by one-half (ED50 or IC50) (Hume et al., 1998). Before

starting the study, we estimated required specific activity using the

formula proposed by Hume et al. Based on literature reporting in

vivo effects of rolipram (Griebel et al., 1991; Heaslip and Evans,

1995; Lourenco et al., 2001; O’Donnell, 1993; Schultz and

Schmidt, 1986) to keep binding site occupancy to 5% or less by

injecting 110 MBq (R)-[11C]rolipram to a 300-g rat, specific

activity must be 38 GBq/Amol or greater. In all of the high SA R

experiments, specific activity was greater than 38 GBq/Amol.
Fig. 5. Total distribution volume (VTV) in high SA R, low SA R, and high

SA R experiments obtained by the two-compartment model. High SA R

experiments showed much greater VTVthan the other two paradigms. Low

SA R and high SA S experiments showed fairly uniform regional

distribution.
Further, there was not even a trend of positive correlation between

specific activity and VTV in any brain region in high SA R

experiments (largest r = 0.37, P = 0.47). Therefore, the high SA

R experiments were performed under true tracer conditions, with

the radioligand having negligible binding site occupancy. Because

we have confirmed that the majority of VTVof (R)-[
11C]rolipram was

specific binding, we did not perform a binding inhibition study by

changing dose of non-radiolabeled (R)-rolipram as performed in

porcine (Parker et al., 2005) to measure binding site occupancy. A

reservation on in vivo binding inhibition assays is possible

biological effects of non-radiolabeled (R)-rolipram and changes

of rate constants during experiments as discussed below and in the

study in porcine (Parker et al., 2005).

PET quantification of neurotransmission systems is significantly

simplified if there is a brain region with negligible density of the

binding site (i.e., reference tissue). In such cases, BmaxV/Kd is

estimated using reference-tissue instead of arterial input function.

However, rat in vitro autoradiography studies did not identify a

binding site-free region of adequate size to be visible in PET images

(Kaulen et al., 1989; Perez-Torres et al., 2000). Among the brain

regions studied, most areas in midbrain showed low binding

densities with in vitro autoradiography (Kaulen et al., 1989).

However, VT
V of midbrain measured in our PET high SA R

experiments was as much as 5.5 times greater than that of low

SA R and high SA S experiments. Thus, the limited resolution of in

vivo PET cannot visualize a binding site poor region and measure-

ment of arterial input function is required for quantitation of PDE4.

Fig. 5 shows heterogeneity of VTV obtained in high SA R

experiments. Because rat in vitro autoradiography studies (Kaulen

et al., 1989; Perez-Torres et al., 2000) divided brain areas to small

regions, and one of these studies reported only semiquantitative

results, it is difficult to compare the distribution of VTVobtained by

PET and the binding distribution by in vitro autoradiography.

Nevertheless, the distribution obtained by these two different

techniques roughly matched with high binding in frontal cortex,

low binding in hypothalamus and midbrain, and medium levels in

other regions. However, the high VTVin caudate putamen obtained

by PET does not seem to match well with results by the

autoradiographic studies. As described above, in vivo binding of

rolipram might reflect phosphorylation of PDE4, and different

phosphorylation states between in vivo and in vitro conditions

might have caused this difference.

Significantly poorer identifiability of VTV in low SA R might

have been caused by biological changes of PDE4 caused by the

high dose of rolipram, and rate constants might have not been

constant during experiments. For example, a study has indicated

that inhibitors of PDE4 cause conformational changes and cause

redistribution in the cell (Terry et al., 2003). Such changes would

significantly alter access and binding of rolipram to PDE4 and its
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dissociation. To take into account possible differences of input

function among experiments, particularly among those with high

SA R, low SA R, and low SA S, arterial input function was

measured in every experiment. Although a small number of

experiments were performed, there appeared to be differences in

input function among high SA R, low SA R, and high SA S

experiments. A speculation is that the high mass dose in low SA R

experiments induced changes in enzymes that metabolized

rolipram. Cautions should be paid if specific binding distribution

volume, VS, is estimated by subtracting brain activity of an S

experiments from that of a high SA R (Tsukada et al., 2001)

because input function may be different between these two studies.

In rat, because majority (¨86%) of VTV was specific binding,

specific binding of (R)-rolipram is estimated well by measuring VTV
of (R)-[11C]rolipram by obtaining arterial input function. Both in

one- and two-compartment models, although K1 values were well

identified, the numbers are much greater than those of many PET

ligands obtained in humans. It should be noted that rats have much

greater cerebral blood flow than humans (Grome and Harper,

1983), and considering the lipophilicity and molecular weight of

rolipram, K1 values obtained in this study are reasonable.

In summary, binding of (R)-[11C]rolipram was accurately

measured by applying an unconstrained two-tissue compartment

model with arterial input function. The brain uptake of (R)-

[11C]rolipram was saturable, since the low SA R experiments

showed blockade with the co-injection of nonradioactive carrier.

Nonspecific uptake was relatively low, as determined from low SA

R and high SA S experiments. Because the majority (¨86%) of VTV
of (R)-[11C]rolipram was specific binding, VTV reflected specific

binding. The quantification established in the present study can

now be applied to study rodent models where changes in the cAMP

system are expected.
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